Abstract Genetic study can provide insight into the biologic mechanisms underlying inter-individual differences in susceptibility to (or resistance to) organisms' aging. Recent advances in molecular genetics and genetic epidemiology provide the necessary tools to perform a study of the genetic sources of biological aging. However, to be successful, the genetic study of a complex condition requires a heritable phenotype to be developed and validated. Genome-wide association studies offer an unbiased approach to identify new candidate genes for human diseases. It is hypothesized that convergent results from multiple aging-related traits will point out the genes responsible for the general aging of the organism. This perspective focuses on the musculoskeletal aging as an example of an approach to identify a downstream common pathway that summarizes aging processes. Since the musculoskeletal traits are linked to the state of many vital functions, disability, and ultimately survival rates, we postulate that there is significance in studying musculoskeletal aging. Construction of an integrated phenotype of aging can be achieved based on shared genetics among multiple musculoskeletal biomarkers. Valid biomarkers from other systems of the organism should be similarly explored. The new composite aging score needs to be validated by determining whether it predicts all-cause mortality, incidences of major chronic diseases, and disability late in life. Comprehensive databases on biomarkers of musculoskeletal aging in multiple large cohort studies, along with information on various health outcomes, are needed to validate the proposed measure of biological aging.
reactive oxygen species). As healthy cells adapt to degeneration, differential expression of genes with age may indicate a transcriptional response to aging rather than a deleterious mechanism of aging per se (de Magalhaes et al. 2009 ). It might be postulated that there exist alleles that confer a pleiotropic effect on structure and function during aging (Lunetta et al. 2007 ). These alleles should regulate the ability of an organism to withstand challenging endogenous and exogenous influences.
In addition, environmental factors influence the organism's ability to withstand the increase in entropy with aging: for example, caloric restriction and smoking can exert opposite effects on the rate of aging (Colman et al. 2009; Fraser and Shavlik 2001) . Both protective alleles and a benevolent environment contribute to excess physiological capacity, which in turn indirectly determines an individual's healthy life span and longevity (Martin et al. 2007 ). The wellrecognized increase in variability with aging reflects the precarious balance between the stochastic destruction, environmental influences, and correcting effect of genes responsible for repair.
In this review, we will focus on the genetic factors providing protection against aging-related degeneration in a major system of the body-musculoskeletal. The process of bone and muscle involution is a general phenomenon and a typical manifestation of tissue atrophy with age (Plato et al. 1994) . Studying the musculoskeletal aging provides a "local" model from which "global" inference for aging can be driven since the musculoskeletal biomarkers are linked to the state of many vital functions, age-related conditions of different bodily systems (Zhang et al. 1997; Samelson et al. 2004; Browner et al. 1993) , cardiovascular disease (Hak et al. 2000; Kiel et al. 2001) , cancer, mortality, disability, and ultimately survival rates (Kiel et al. 2001; Johansson et al. 1998) . We therefore postulate that by studying musculoskeletal aging-as a proof of principle-we can come closer to the understanding of an organism's aging.
Current progress and problems of genetic studies of aging and longevity
In spite of aging being a risk factor for many diseases, a phenotype of aging to date is still tabula rasa. Yet, the choice of a phenotype is critical for the study of a complex genetic process, such as aging (Melzer et al. 2007) . Furthermore, proposed treatments to delay or alleviate aging require that validated outcomes exist, which can be measurable earlier rather than later in the life (thus, longevity per se is impractical). To date, however, most of the twin and family studies focused on broad survival measures, primarily on age at death or survival to some arbitrary advanced age (Nicholas et al. 1994) . Thus, it has been demonstrated that longevity has moderate heritability ðh 2 ¼ 0:20 À À0:30Þ (McGue et al. 1993; Herskind et al. 1996; Gillespie et al. 1998 ). There are several challenges in using longevity as a phenotype (reviewed in Karasik et al. 2005 and below) . A better strategy would be to investigate a broader outcome such as "successful" or "healthy" aging (Mulsant et al. 1994; Seeman et al. 2004) . However, there is no consensus definition for the latter categories, especially for a genetic study. Similarly, at present, there is no consensus about how to measure aging starting in midlife despite a plethora of publications on the biomarkers and risk factors of aging (Newman et al. 2008 ). Yet, researchers (Nilsson et al. 2003; Crabtree et al. 2002; Vaillant and Mukamal 2001) have argued that studies of aging genetics should be initiated earlier in life, when there are life expectations permissive of longitudinal studies as well as information on environmental exposures traceable to the outcomes.
Biomarkers of aging
Despite growing interest surrounding the topic, data on valid predictors of active life expectancy and successful aging are relatively scarce (Jackson et al. 2003; Anstey et al. 1996; Nakamura and Miyao 2003; Seeman et al. 2004) . With aging, a discernable decline occurs in most bodily systems, including metabolic, cognitive, reproductive, and endocrine. The aging phenotype may be best represented by the construction of an index derived from several biological parameters of an organism (biomarkers), encompassing functional parameters that predictably change with age (Dean and Morgan 1988; Johnson 2006) and are closely related to the maintenance of life, and are recognized as risk factors for age-related degeneration and diseases (Borkan and Norris 1986) . The ability to predict life span is a traditional but imperfect criterion used to validate these biomarkers of aging; a more important requirement for a good biomarker is its ability to discriminate between adverse aging-related events, such as frailty (Mitnitski et al. 2002) , immobility (Simonsick et al. 2001) , and propensity to fall (Lord et al. 1994 ).
There are additional considerations when choosing biomarkers to characterize aging. First, biomarkers measured at a given age are merely snapshots of important regulatory systems (Seeman et al. 2004) ; there is no information on system dynamics if each biomarker is measured only once. Having longitudinal measures should be important to approximate trajectories of change in each system. Yet, cross-sectional and longitudinally measured biomarkers of aging correlate to some extent (Nakamura and Miyao 2007) . The best approach seems to be investigating both cross-sectional measures at a given point of ontogenesis as well as dynamic trajectories of changes. Secondly, how specific a biomarker should be and which bodily system best represents general aging is questionable since the organism functions as a whole and not as a sum of parts. In this review, we argue a case for the major system of the body-musculoskeletal-to serve as an example of how the aging phenotype can be approximated based on genetic analysis of validated heritable biomarkers.
The musculoskeletal system as a "barometer" of aging There are multiple arguments for focusing on the musculoskeletal status as a proxy for aging and longevity. Musculoskeletal health is vital for animal survival: the skeleton, first and foremost, greatly facilitates mobility; therefore, both skeleton (bones, joints, ligaments) and neuromuscular components of the musculoskeletal system are crucial in locomotion, by which mammals seek food and shelter (Rubin and Rubin 2008) . Therefore, evolutionary factors worked to prevent this system from early decay (Karasik 2008) . Furthermore, the aging process is characterized by changes in hormonal networks, which have strong effects on musculoskeletal aging: effects of menopause, andropause, and somatopause (the latter is manifesting as sarcopenia) are apparent in the musculoskeletal system.
The musculoskeletal system involves several main components, which can be measured by imaging, physiological assays, and blood biochemistry; most of these components are age-dependent and clinically significant and therefore can be considered biomarkers. Age-related musculoskeletal phenotypes are characterized by substantial heritability, as reported by multiple groups. Bone mass Adult bone metabolism represents a delicate balance between old tissue removal (resorption) and new bone formation. With advanced age, the placement and quality of new bone are altered due to intrinsic and extrinsic causes, therefore affecting its mineral content and spatial organization. In the majority of older adults, bone mineral density (BMD) predictably decreases with age, with osteoporotic fractures as an end product (Cauley et al. 2009 ). Osteoporosis traits have been associated with risk for multiple diseases, including coronary disease in women (Samelson et al. 2004) , and with risk for breast, colon and prostate cancer (Zhang et al. 1997 (Zhang et al. , 2002 , memory impairment (Zhang et al. 2001 ) and dementia in women (Tan et al. 2005 ) and a higher risk of mortality independent of age and comorbidities (Van Der Klift et al. 2002; Bauer et al. 2002) . Most recently, Cauley et al. (2009) suggested that maintenance of BMD may represent a clinical phenotype of successful aging. It should be noted that many measurements of bone mass and morphology are technically reliable and relatively stable; hence, measurement of bone mass phenotypes is an ideal biomarker of aging.
Aging of joints Osteoarthritis (OA or degenerative arthritis) is an aging-related joint disease associated with cartilage loss in a joint. Among the signs of OA, there are such radiographic features as the presence and severity of joint space narrowing (cartilage defect) and osteophytes (reactive bony proliferation). Kalichman et al. (2006) found a statistically significant association between radiographic hand OA and ischemic heart disease and gastrointestinal diseases. OA is also associated with a higher risk of mortality independent of age and comorbidities (Munger et al. 1999; Haara et al. 2003 Haara et al. , 2004 .
Heritability of knee OA was 37% in some studies (MacGregor et al. 2009; Zhai et al. 2007 ); in others, however, familial aggregation of osteoarthritis was most striking for hand and hip, but remarkably absent for the knee (Riyazi et al. 2005 ). There was a substantial genetic influence also on the progression of knee OA, mostly due to osteophytes and joint space narrowing (Zhai et al. 2007) .
Height loss This occurs as a result of loss of hydration of the intervertebral disks with the ensuing disk degeneration, core muscle weakness leading to kyphosis, and vertebral fractures due to bone loss. Since height loss is related to aging changes in the bones, muscles, and joints, it may be a great proxy to many aging-related musculoskeletal processes. Height loss is largely explained by the change in spine length (ChinappenHorsley et al. 2008) . Therefore, unsurprisingly, recent genome-wide association studies (GWAS) for adult height identified, among other bone-related genes, GDF5, a cartilage-derived morphogenetic protein (Soranzo et al. 2009; Sanna et al. 2008; Weedon et al. 2008 ). Earlier, it was suggested that ESR1 polymorphisms influence the age-related decrease in stature (Ioannidis et al. 2004 ).
Muscle mass and strength Aging of muscle manifests in the decreases in muscle strength and muscle mass that accompany aging, mainly as a result of the alterations in muscle morphology. Sarcopenia (muscle wasting or "shrinking") is a common condition which is associated with functional impairment and disability. Reduction in muscle mass and hand grip strength is about ∼25-30% between ages 30 and 70 (Tan 2005). Fat-free (lean) mass measured by dual energy X-ray absorptiometry has been shown to be associated with mobility disability (Visser et al. , 2000 (Visser et al. , 2002 and overall better functioning (Visser et al. 2002; Broadwin et al. 2001; Huygens et al. 2004 ).
Notably, mass of muscle is a proxy of its strength and quality, yet is not synonymous with muscle strength, although they are often used interchangeably (see Tiainen et al. 2008) . Hand grip strength is a measurement of choice, known to be associated with muscular functioning in other muscle groups and with activities of daily living (Melzer et al. 2007; Frederiksen et al. 2002; Rantanen et al. 2003) . Previous research has shown that hand grip strength is a significant predictor of health status, postoperative recovery, recovery from injury, protein loss, cause-specific and total mortality (2000) a h 2 : heritability of biomarkers, both cross-sectional and of their change with age (Δ), if reported (Metter et al. 2002) , and disability (Frederiksen et al. 2002; Rantanen et al. 2003) . Muscle mass and crosssectional area are highly heritable, ranging from 60% to 90% (Huygens et al. 2004; Seeman et al. 1996; Hsu et al. 2005) . Muscle strength is also influenced by genetic factors, with h 2 estimates ranging from 30% to 65% (De Mars et al. 2008 ).
Biochemical and endocrine serum markers
There are several biochemical traits related to musculoskeletal aging:
Osteocalcin Osteo calcin (OC, or gammacarboxyglutamic acid protein) comprises about 15% of the non-collagenous protein component of the extracellular bone matrix and is the most abundant non-collagenous protein of the human body (Hauschka et al. 1989 ). The majority of osteocalcin is synthesized by osteoblasts and becomes incorporated into the bone matrix by binding to hydroxyapatite (Hauschka 1986 ); as such, OC serum concentrations reflect osteoblastic activity and the rate of bone formation. There is accumulating evidence that OC is also involved in glucose metabolism and insulin secretion (Oz et al. 2006; Pedrazzoni et al. 1989 ). Serum OC has been shown to be negatively correlated with (a) the degree of glucose intolerance (Bouillon et al. 1995) , (b) with fasting glucose in patients with diabetes and with homeostasis model assessment of insulin resistance (HOMA-IR; Kanazawa et al. 2009 ), and (c) with systolic blood pressure in hypertensive postmenopausal women. Since there is sufficient evidence for a link between serum OC levels with metabolic syndrome and cardiovascular risk factors, OC should be considered not only a bone turnover marker but also an index of general health. The estimated heritability of serum OC level was 62% in the Mexican American population (Mitchell et al. 2000) .
Insulin-like growth factor I (IGF1) Growth hormone (GH) and its related factors are active during development and repair in order to generate bone morphological adaptation in a fully coordinated manner with the skeletal muscle (Lovejoy et al. 2002) . Concentrations of GH decline progressively with increasing age in men and women (so-called somatopause; Redman and Ravussin 2009) . Growth hormone activates IGF1 gene transcription in vivo (Goldspink 2004 ). IGF1 in turn plays a prominent role in musculoskeletal aging. Elevated levels of IGF1 prompt the differentiation of osteocytes from osteoblasts and thus promote bone formation (Hirukawa et al. 2005) ; IGF1 also restores satellite cell proliferative potential in immobilized old skeletal muscle. In concert with sex steroids, GH and IGF1 interact to instigate growth during puberty and maintenance of body composition (Redman and Ravussin 2009 ). Many reports Karasik et al. 2002) have documented a decrement in IGF1 plasma levels with age in humans. (Wang et al. 2008) , and cancers of the breast, colon, and prostate (Martinez et al. 1996; Garland et al. 1989; John et al. 1999) . A recent meta-analysis of randomized controlled trials suggested that vitamin D supplementation led to significant reductions in mortality (Autier and Gandini 2007) . Vit D is crucial for reaching optimal peak bone mass and preserving bone strength throughout life (Klibanski et al. 2001) . Therefore, the Vit D receptor (VDR) gene has long been targeted as one of the genetic determinants influencing bone status. There are other genes that have Vit D responsive elements, such as those coding for osteocalcin and osteopontin. In addition, Vit D deficiency causes an increase of serum parathyroid hormone, leading to an increase in bone resorption.
Recent studies have highlighted the importance of Vit D also for muscle. Bischoff et al. (Bischoff et al. 2001; Bischoff-Ferrari et al. 2004) pointed out that the expression of the VDR in human skeletal muscle tissue decreases with age, and several studies have demonstrated that serum 25(OH) Vit D is related to physical performance (including walking test, chair stand and tandem stand; Wicherts et al. 2007 ) and its rate of decline, body sway, and lower body strength (Pfeifer et al. 2000) . In a recent meta-analysis, Vit D status was significantly associated with falls (Bischoff-Ferrari et al. 2009 ). Notably, 25-OH Vit D is heritable (h 2 =53%; Livshits et al. 2003; Wang et al. 2010) .
Sex hormones Special relations exist between the phenotypes of musculoskeletal aging and the sex hormones, such as levels of androgen (testosterone) in men and endogenous estrogen in women, as is evident in the sexual dimorphism in bones, joints dimensions, muscle size, and strength (Frontera et al. 2000) . Estrogen is essential in growth plate closure and therefore is important in defining the adult body size. Furthermore, menopause in women leads to bone loss (Karasik and Kiel 2010) ; women also experience a sudden drop in muscle mass following menopause (Rolland et al. 2008) . Not surprisingly, increase in longevity was found in older users of postmenopausal estrogen therapy in the Leisure World Cohort Study (Ross et al. 1990 ).
Testosterone is an anabolic steroid which induces skeletal muscle hypertrophy by multiple mechanisms, including modulating the commitment of pluripotent mesenchymal cells into the myogenic lineage and inhibiting adipogenesis through an androgen receptor (AR)-mediated pathway (Herbst and Bhasin 2004) . The anabolic skeletal actions of androgens may result from direct activation of the AR or may alternatively depend on the stimulation of the estrogen receptors following aromatization of androgens into estrogens that occurs in peripheral tissues (the enzyme, aromatase, catalyzes this conversion). Testosterone stimulates muscle protein synthesis, increases lean body mass, and decreases fat mass in men in a dose-dependent fashion (Ferrando et al. 2003; Bhasin et al. 2006) . Notably, older men's muscles are as responsive to the anabolic effects of testosterone as young men's (Herbst and Bhasin 2004) . In men aged 40-70 years from the Massachusetts Male Aging Study, total testosterone was weakly related to mortality (Frisoli et al. 2005) .
There is also a notable relationship between the sex hormones and longevity, which can serve as an example of antagonistic pleiotropy. Thus, higher levels of testosterone in males lead to increased reproductive fitness early in life while causing decreased fitness later in life due to a higher risk of prostate cancer (Summers and Crespi 2008) . Both testosterone (Kuijper et al. 2007; Harris et al. 1998) and estrogen (Martini et al. 2001 ) are heritable; thus, there is a need for researches to step in and link heritability of reproductive hormones to that of the longevity. Table 1 presents a list of the above musculoskeletal traits that have been extensively studied by several cohort studies, along with their change with age. It also summarizes their relationships with diseases and conditions of aging. There is sufficient evidence to consider the above traits as biomarkers that reflect inter-individual differences in aging-related changes in the skeleton and muscle and other important bodily systems. From the table, it also follows that the h 2 of "change" in biomarkers with age is lower than the cross-sectional "snapshot" of each trait. This is an important observation which can be attributed to the prominent effect of environmental and lifestyle rather than genetic factors on the rate of musculoskeletal aging (rather than on cross-sectional, one-time measures). It also calls for methods other than analyzing the "change" phenotypes to capitalize on longitudinal biomarkers. On the other hand, while high h 2 is important for predicting power for a genetic study, it does not, however, indicate how many and how strong the individual genetic factors are since the effects of all genes are pooled together (Vaessen et al. 2001 ).
Heritability of biomarkers of aging

GWAS approach for aging genes discovery
The genetic component of each heritable biomarker is complex; it encompasses contributions from multiple genetic sources not necessarily related to aging. Some of the genes are active mostly in development and others involved in homeostasis. Functional pathways regulating complex diseases are usually multigenic (Ho et al. 2008; Sievänen 2005; Wolf et al. 2006) since biological processes are known to be highly integrated.
To date, the GWAS approach is considered to be productive in uncovering multiple genes responsible for complex diseases. The hypothesis-free genomewide strategy is sometimes referred to as forward genetics. An alternative strategy (reverse genetics) is to pursue previously recognized candidate genes via association studies. The candidate gene approach needs a robust prior hypothesis and has proven viable when there is a strong biological basis for the inclusion of a gene as a plausible candidate. The downside of such an approach is that it often suggests physiological pathways that appear much less profound when examined at the systems level.
Although there is accumulating knowledge of the genetic pathways responsible for the longevity-related traits, based on studies using aging animal models (Finch and Ruvkun 2001) and works on people surviving to advanced ages, such as centenarians (Sebastiani et al. 2009; Perls et al. 2002) , this information is still far from being complete. Thus, a genome-wide search offers advantages over candidate gene association studies because it provides a more extensive coverage of the genome and the opportunity for truly novel gene discoveries-which is entirely "agnostic" and unconstrained by existing knowledge. In fact, many candidate genes, even if validated by the replication of several studies, were not confirmed by GWAS results (Richards et al. 2009 ). Recent reports from GWAS demonstrate the potential of this approach to identify novel gene associations for common complex conditions. Thus, GWAS of type II diabetes reported robust novel associations with regards to biology (beta cell), location (non-coding, intergenic), and potential shared biologic pathways with coronary disease (Helgadottir et al. 2007; Saxena et al. 2007; Scott et al. 2007; McPherson et al. 2007 ). GWAS for BMD similarly provided evidence for novel pathways important for bone metabolism ). However, attention should be shifted to the many other variants in the human genome, such as rare polymorphisms (not only SNPs), copy number variants, and combinations of thereof (Cluett and Melzer 2009 ). Studies of rarer variants require much more powerful designs. Both new discovery by GWAS and replication of association findings, especially for complex quantitative phenotypes, require large sample sizes; therefore, multiple consortia, such as GIANT ), GEFOS (Richards et al. 2009; ), CHARGE (Psaty et al. 2009 ), SunLight (Wang et al. 2010) , and others, were formed.
The first foray into the GWAS of aging, using longevity and osteoporosis-related traits, was performed in the Framingham Heart Study (FHS) as a part of the FHS SHARe Project (Lunetta et al. 2007; Kiel et al. 2007) . Notably, in those first works, the authors made an inquiry into the pleiotropy of the top SNP associations. Thus, a SNP near SOX5 gene was found to be associated with both walking speed and biologic age measured by a bone score and another intronic SNP in FOXO1a associated with age at death and biologic age score (Lunetta et al. 2007 ). However, in general, results of the associations for phenotypes such as age at death and morbidity-free survival at age 65 were far from genome-wide significant (the latter being usually defined as p values <5 × 10 −8
). That first GWAS was underpowered and used a not-too-dense coverage of the genome, by the Affymetrix 100K SNP GeneChip. It was therefore expected that the second phase of the FHS SHARe Project (550K SNP array) would provide more robust results due to the much larger sample (approximately three times) of men and women with more refined phenotypes for longevity. Also, very importantly, this sample became a part of the large consortium for metaanalysis and replication of GWAS, the CHARGE (Psaty et al. 2009 ). However, the results for the longevity phenotype, defined as survival to age 90 and older, in the CHARGE consortium cohorts (longevity "cases", n= 1,836, and population comparison "controls", n=1,955) did not reach the genome-wide significance threshold (Newman et al. 2010) , similarly to Lunetta et al. (2007) GWAS. Genome-wide association studies with extreme long-living individuals to date did provide only two longevity-associated genes (Sebastiani et al. 2009 ). The question remains, however, how generalizable are these results and whether they replicate beyond the centenarian cohorts.
As was argued previously (Karasik et al. 2005) , the longevity phenotype has several limitations for a quantitative genetic study: (a) only a small subset of a general population may be assigned a phenotype (Halaschek-Wiener et al. 2009 ); (b) it is difficult to obtain a sufficiently large sample of parents and offspring who both possess extreme longevity; (d) lack of a control sample (such as blood samples from the average-lifespan individuals, born at the same time as centenarians) poses a problem for casecontrol comparison of allelic frequencies; and (e) most importantly, ultimate longevity may not be the phenotype of clinical interest. Quality of life in older age and/or duration of disease-and disability-free aging would be preferable to be brought to the center of attention. Ultimately, interventions should be aimed at compressing morbidity and preventing functional decline along with increasing a healthy life span rather than just increasing life expectancy (Goggins et al. 2005) .
One step to extend the utility of the abundant genome data is to have the phenome much better defined (Varki and Altheide 2005) . We propose to outline human biological aging using the musculoskeletal aging phenotypes as an example and a starting point, with further addition of other relevant biomarkers. There are benefits in considering pleiotropy for the genetic study of complex phenotypes, including utility of genetic relationships as a means toward a better job of defining a phenotype.
Pleiotropic relationships between genes and agingrelated traits and advances of phenomics
Pleiotropy
Functional pathways regulating complex processes are usually characterized by redundancy, being regulated by multiple pleiotropic genes, seemingly to avoid perturbation triggered by the environment (Ho et al. 2008; Sievänen 2005; Wolf et al. 2006) . Biological systems are governed by groups of genes that perform a discrete function separable from the rest of the system, called "modules." A precise definition of what constitutes a module is elusive; a definition of modules as groups of genes co-expressed under specific conditions seems to be most often used.
Theoretically, there may be co-expressed genes that are responsible for the phenotypic correlations among aging traits. It remains unclear to what extent the musculoskeletal biomarkers of aging each have a distinct genetic predisposition and how much of a genetic background is shared among them. We have shown correlations both among osteoporosis-related traits and between bone and muscle traits (Karasik et al. 2009 ).
Examples of biological candidate genes with pleiotropic functions, which are involved in aging in general and in musculoskeletal aging in particular, are numerous: (a) in addition to the IGF-1 and vitamin D genes, estrogen metabolism pathway genes, including estrogen receptors and aromatase (CYP19), are associated with fat-free mass (Walsh et al. 2005) and BMD (Shearman et al. 2004) , prostate and breast cancer (Gallicchio et al. 2006) , and cardiovascular disease risk (Shearman et al. 2003) .
(b) The klotho gene, which has been originally described as associated with premature aging-like disorders (Kuro-o et al. 1997) , was recently found to be a fundamental regulator of calcium and phosphorus homeostasis, as well as to interfere with the intracellular signaling of insulin and IGF-1 (Kuro-o et al. 1997) . Therefore, klotho belongs to the group of key factors regulating mineral and vitamin D metabolism. (c) ENPP1, known to be the gene for insulin resistance/type 2 diabetes, hyperglycemia, and obesity (Meyre et al. 2005) , was recently shown by us and others to be associated with osteoporosisrelated traits (Cheung et al. 2010) . (d) Activation of the nuclear protein deacetylase Sirt1 (an antioxidant protein involved in aging) has recently been shown to decrease adipocyte development from preadipocytes, therefore promoting differentiation of mesenchymal stem cells into osteoblasts via inhibition of PPARγ (Backesjo et al. 2009) . (e) Loss of the carboxyl terminus of Hsp70-interacting protein (CHIP or STUB1), a ubiquitin ligase co-chaperone, is associated with reduced longevity and accelerated aging, including atrophy of skeletal muscle, low BMD, and severe kyphosis in mice (Min et al. 2008) . (f) Recently, in a meta-analysis of GWAS for BMD, gene ARHGAP1 (at the 11p12) was found to be genome-wide significantly associated with BMD loci. ARHGAP1 codes for a Rho GTPase-activating protein 1, also known as Cdc42 GTPase-activating protein. It was shown that CDC42GAP-null mice also develop a senescence phenotype (Wang et al. 2007 ).
The list of candidate genes for musculoskeletal aging with potentially pleiotropic actions is thus constantly growing.
Phenomics
Amid many debates about the role of GWAS in understanding the etiology of common diseases, it seems that at present, the true value of GWAS is in the biological discovery rather than in the medical applications. In parallel, there is a need to capitalize on the wealth of pleiotropic relationships between multiple phenotypes analyzed to date using GWAS.
The phenomic approach orients genetic investigation around common biologic pathways leading to disease (Varki and Altheide 2005) . There are two main premises of the phenomic approach: first, since relations between phenotypes often reflect a biologic and functional interaction at the gene level, several investigators (Bilder et al. 2009 ) have argued for using phenotypic relations to discern the underlying biology (as exemplified by pleiotropic findings for several pathologies; Helgadottir et al. 2007; Saxena et al. 2007; Scott et al. 2007; McPherson et al. 2007 ). It was argued that a comprehensive collection of systematically obtained phenotypic information (phenome) will aid in the identification of disease genes (Freimer and Sabatti 2003) .
Although many phenotypic measurements may be collected for each individual, a smaller number of variables (latent factors) may explain most interindividual differences Freimer and Sabatti 2003) . Thus, in a study of approximately one million Swedish young men, the genetic correlations between several muscle strength traits varied from 0.58% to 0.78 (Silventoinen et al. 2008) , suggesting that a latent variable might be identified by combining these measures. We and others found many indications of pleiotropy between bone and muscle traits in aging Karasik and Kiel 2008) . "Reverse phenotyping" was proposed as an approach whereby genetic marker data are used to define phenotype groupings (to uncover the phenotypic modularity, defined as the separability of the design into units that perform independently, at least to a first approximation; Schulze and McMahon 2004; Harris et al. 2007 ). This can be done first by utilizing the unique resource of the "Catalog of Published Genome-Wide Association Studies" dataset (Hindorff et al. 2009 ).
By identifying which measurements contribute most to defining the underlying hidden variables, phenotyping efforts can focus on such "integrating" measures that conceptually resemble phenotypic moduli, which can then be utilized as quantitative traits for gene mapping (Pan et al. 2006; Schulze and McMahon 2004) , therefore decreasing the problem of multiple testing. This will generate the "integrator" phenotypes that are probably more proximal to the "endophenotype" of disease.
We have argued (Karasik and Kiel 2008 ) that there are several incentives for considering pleiotropy for the genetic study of complex phenotypes as a means toward reverse phenotyping. First, the "post-genomic" era provides the opportunity to utilize a technically advanced hypothesis-free selection method to identify the major genetic variants (using GWAS, expression experiments, eSNPs, etc.). Second, the computational and bioinformatic tools (Gajendran et al. 2007 ), exhaustive databases, and advanced database querying methods support the conduct of multidimensional analyses. Third, analyzing multiple correlated traits can also help control false positives: by looking at multiple affected phenotypes, one is creating a framework for removing potentially spurious phenotype associations due to measurement uncertainty.
Finally, GWAS frequently analyze multiple correlated phenotypes; therefore, in addition to the statistical challenges of increased type 1 error (chance finding), there is uncertainty of what statistical threshold for related traits might be indicative of pleiotropy. The newly proposed and existing analytic approaches, such as multivariate analysis of correlated phenotypes, would allow performing joint analyses of genetically correlated traits. Given that the multivariate analysis is more powerful than univariate (Almasy et al. 1997; Williams et al. 1999; Havill et al. 2006; Liu et al. 2009 ), there are more chances to unearth the genetic signals that jointly govern the aging-related changes in biomarkers.
Conclusions
In the absence of a consensus phenotype for aging, genetic research is impeded (Melzer et al. 2007 ). At present, it is difficult to determine whether preventative and therapeutic strategies (such as calorie restriction) have beneficial effects in humans because there are no validated biomarkers that can serve as surrogate markers of aging (Matkovic et al. 1990 ). To have the "phenome of aging" (Xue et al. 2007 ) much better defined, we propose using the musculoskeletal aging phenotypes as an example and starting point.
The genetic study of musculoskeletal aging does provide insights into the potential biologic mechanisms underlying inter-individual differences in susceptibility to (or resistance to) an organism's aging. The GWAS approach is considered to be productive in uncovering multiple genes responsible for aging and the underlying mechanisms leading to variation in musculoskeletal aging and longevity. Several population-based cohorts such as the Framingham Heart Study, Rotterdam Study, AGES-Reykjavik Study (Harris et al. 2007 ), other members of the Longevity Consortium (http://www. longevityconsortium.org/resources/), and many others are therefore uniquely suited to propel the field, with abundant genome coverage and longitudinal phenotyping done by standardized methods.
Knowledge of genetic interrelationship between the biomarkers of aging may lead to the discovery of a downstream common pathway that summarizes aging processes; the list of biomarkers should be as comprehensive as possible via incorporating other well-known systems involved in aging in addition to the musculoskeletal system. Further development of the pleiotropy-based approaches will be useful for other studies of multiple related phenotypes which employ genome-wide associations to decipher genetics in the absence of disease endophenotypes, which is the case of human aging. With the advent of these approaches, new candidate genes may emerge for further pursuit. In its turn, discovery of the "phenome of aging" may translate into innovative diagnostic and therapeutic interventions to improve the overall health of older men and women.
